Abstract. An achromatic element eliminating only longitudinal chromatic aberration (LCA) while maintaining transverse chromatic aberration (TCA) is established for the eye model, which involves the angle formed by the visual and optical axis. To investigate the impacts of higher-order aberrations on vision, the actual data of higher-order aberrations of human eyes with three typical levels are introduced into the eye model along visual axis. Moreover, three kinds of individual eye models are established to investigate the impacts of higher-order aberrations, chromatic aberration (LCA+TCA), LCA and TCA on vision under the photopic condition, respectively. Results show that for most human eyes, the impact of chromatic aberration on vision is much stronger than that of higher-order aberrations, and the impact of LCA in chromatic aberration dominates. The impact of TCA is approximately equal to that of normal level higher-order aberrations and it can be ignored when LCA exists.
Introduction
It is well known that the human eyeball as an optical system suffers from higher-order monochromatic and chromatic aberrations. With the use of psychophysical experiments, point-spread functions (PSFs), and modulation transfer functions (MTFs), the deteriorate effect of higher-order aberrations on visual quality can be revealed [1] [2] [3] . As a result, corrections of higher-order aberrations have to be applied to increase visual quality [4, 5] . Clinical studies have shown that the longitudinal chromatic aberration (LCA) is about 2 D across the visible spectrum without significant change among different individuals [6, 7] . As for the transverse chromatic aberration (TCA), it is subject to high individual dif-ferences with a typical value of approximately 0.6 arcmin [8] [9] [10] . Moreover, many studies have been con ducted to examine the effect of chromatic aberration on visual quality and to investigate the visual benefit of correcting higher-order and chromatic aberrations in contrast sensitivity and visual acuity [11] [12] [13] .
The impacts of higher-order and chromatic aberrations on vision can be investigated with the help of appropriate eye models [14, 15] . Zhang et al. [16] and He et al. [17] developed two individual eye models, without and with the angle formed by visual and optical axis. The first eye model considers LCA only, and the second eye model considers both LCA and TCA. However, with these models, we cannot directly obtain the TCA-only impact on vision.
In this paper, we firstly propose a novel eye model containing an achromatic element that excludes LCA while maintains TCA. As a result, it can be used to investigate the TCA-only impact on vision. Introducing the actual data for human eye's higher-order aberrations into eye model along the visual axis, three individual eye models are established to investigate the impacts of higher-order aberrations, chromatic aberrations (LCA+TCA), LCA and TCA on vision under the photopic condition, respectively.
Methods

Construction of three individual eye models
The first eye model
With the help of optical design software Zemax, the eye model with visual axis accordant to optical axis is established, upon which eyeball visual performance under the photopic condition with LCAonly can be investigated. Employing the improved Gullstrand-Le Grand eye model [17] as the initial structure, we set the pupil diameter and the primary wavelength to 3 mm and 555 nm, respectively. Optimizing the conic of the posterior surface of crystalline lens and the thickness of vitreous, the MTF could approach the diffraction limit. The structural parameters of the first kind of eye model are given in Table 1 . Five wavelengths, including 470 nm, 510 nm, 555 nm, 610 nm and 650 nm, are used and weighted by the luminosity function curve under the photopic condition. And LCA is about 1.33 D.
The second eye model
To investigate the impact of chromatic aberration (LCA+TCA) on vision, we establish the second eye model which involves the angle formed by visual and optical axis, based on the first eye model. The visual axis intersects the optical axis at the nodal point in the vicinity of posterior surface of crystalline lens, with a typical value of α of 5° in the temporal side and 1.5° in the down side [18] . The angle α can be transferred into the field of view (FOV), θ, as shown in Figure 1 . The relation between the height of the retina image formed by the ray along visual axis and that formed by the chief ray of θ is given by
where y is the image height on retina, l/l' is the distance between the anterior/posterior surface of crystalline lens and the retina. Substituting the typical value of α into Eq. (1), the value of θ is 4° in the temporal side (y-direction) and 1.2° in the down side (x-direction). Add the angle values of FOV to the first eye model and then perform optimization as follows: Set the type of the anterior corneal surface to "Zernike Fringe Sag" with 4~15 Zernike coefficients as variables and carry out optimization; Set the type of the posterior surface of crystalline lens to "Even Asphere" with 4th-order, 6th-order and 8th-order polynomial coefficients as variables and complete optimization. The MTFs at FOV of zero and θ degree are both close to the diffraction limit after optimization. As shown in Figure 2 
The third eye model
To investigate the TCA-only impact on vision, the third eye model which eliminates LCA is established by inserting an achromatic element into the second eye model as shown in Figure 2 (a). Generally, an achromatic element consists of a concave and a convex lens with materials of different dispersions, the cemented doublet. As the achromatic element introduces additional monochromatic aberrations, the correction of the aberrations needs to be taken into account. Diffractive optical elements have excellent achromatic performances, and a refractive-diffractive hybrid system would not only correct chromatic aberration but also introduce a smaller amount of monochromatic aberrations [19] . In Zemax, the diffractive surface is described using the Binary type with a phase function given by
where A i is the coefficient on the 2i th power of ρ with ρ being the normalized radial coordinate of aperture. N is the number of polynomial coefficients in the series. The second-order phase coefficient of A 1 is for the correction of chromatic aberration. To separately analyze the impact of TCA on vision, the achromatic element needs to be designed to correct only LCA while maintain TCA. From the optical design perspective, the performance of an achromatic element largely depends on its location in the optical system [19, 20] . Therefore, three types of refractive-diffractive hybrid achromatic elements for eliminating LCA are designed with three typical locations used, including location in front of the cornea, in front of the pupil and behind the crystalline lens.
1. In front of the cornea Sequentially insert a convex and a concave lens in front of the cornea in the second eye model, with the distance from the posterior surface of concave lens to the anterior corneal surface to be 0.1 mm, and then perform a two-step optimization as follows:
Introduce the operand of effective focal length "EEFL" into the merit function and then optimize the curvature radii of each surface of two lenses; Set the posterior surface of concave lens as a binary surface, and introduce the operand "AXCL" into the merit function for LCA correction. Then optimize the second-order phase coefficient of A1 and the curvature radius of binary surface. After optimization, the residual LCA is only 0.03 D, yet the TCA increases from 4.94 to 8.95 μm. 2. Behind the crystalline lens Sequentially insert the convex and concave lens behind the crystalline lens in the second eye model, with the distance from the anterior surface of convex lens to the posterior surface of crystalline lens to be 0.1 mm, and then perform the above optimization steps. As a consequence, the residual LCA is just 0.004 D, while the TCA decreases from 4.94 to 1.46 μm.
3. In front of the pupil Sequentially insert the convex and concave lens into the anterior chamber in the second eye model, with its location near to the pupil, and then perform the above optimization steps. Adjust the thickness and location of two lenses to make sure that LCA is completely eliminated while TCA is maintained. After optimization, the residual LCA is only 0.03 D and TCA only slightly changes to 4.99 μm. The layout of the LCA corrector located in front of the pupil is shown in Figure 3 with its structure parameters given in Table 2 . Based on the eye model shown in Figure 3 , we continue to establish the third eye model to investigate the TCA-only impact with the following steps:
Optimize the shapes of the anterior corneal surface and the posterior surface of crystalline lens again to correct additional monochromatic aberrations introduced by the LCA corrector. As a result, the MTFs at the primary wavelength of 555 nm are approaching the diffraction limit at FOV with both of zero and θ degree; Complete the establishment of the eye model for TCA-only impacts by rotating the eye model with LCA corrector to ensure that the visual axis is in the direction of FOV of zero degree and the optical axis is in the direction of FOV of -1.2° in x-direction and -4° in y-direction.
Measurement and introduction of higher-order aberrations
A group including 127 eyes of 79 subjects was selected and among them 96 eyes are from 48 subjects. All eyes are without ocular disease or corneal surgery. Wavefront aberrations are measured with Hartmann-Shack wavefront aberrometer, the Wavescan, in a darkroom with natural pupil diameter ranging from 5.5 to 7.5 mm in the Tianjin Eye Hospital. The Wavescan can measure spherical refractive errors between -12.0 D and +9.0 D, cylindrical refractive errors up to 5.0 D, with the accuracy of both of 0.1 D. The measurement of higher-order aberrations is with Zernike polynomials of seventhorder (35 items) [21] . The working wavelength is 780 nm and the measuring time is 0.2 s. The study protocol was approved by Tianjin Eye Hospital Institutional Review Board and all participants provided written informed consent.
A conversion of wavefront aberrations from the actual pupil diameter to a fixed pupil diameter of 3 mm performed using Matlab [22] . The value of the root-mean-square of higher-order aberrations (RMS H , third-order to sixth-order Zernike polynomials) of 127 eyes ranges from 0.009 to 0.097 μm. Table 3 gives the statistical distribution of RMS H values of eyes with 3 mm pupil. As we can see, there are 3 eyes with the value less than 0.01 μm and 1 eye with the value greater than 0.09 μm. It can also be seen that there are 110 eyes with the value less than 0.04 μm, which account for 86.6% of the total number of eyes. According to the distribution of RMS H values, we define eyes with RMS H of 0.01, 0.04 and 0.09 μm as higher-order aberrations with minimum level, normal level and high level, respectively. This definition is used to evaluate the impacts of higher-order aberrations on vision. To introduce higher-order aberrations into the three eye models along visual axis, a phase plane denoted as the Zernike Fringe Phase type with Zernike coefficients corresponding to the actual values of higher-order aberrations is inserted in front of the anterior corneal surface in the models. Table 3 Statistical 
Results and discussions
In the second eye model, the effect of chromatic aberration (LCA+TCA) on vision is evaluated by the polychromatic MTF, and the diffraction limit is represented by the MTF at the primary wavelength of 555 nm. Three typical levels of higher-order aberrations are introduced into the model with their impacts on vision being characterized by the monochromatic MTFs. The results are shown in Figure 4 , where the solid lines denote the radial averaged MTFs with only higher-order aberrations with RMS values of 0.01, 0.04 and 0.09 μm, respectively. The dashed-dotted line denotes the radial averaged MTF with only chromatic aberration, and the dashed line denotes the MTF with diffraction limit. It can be seen that the chromatic aberration seriously attenuates the MTF. Besides, the MTF gradually decreases when higher-order aberration increases. When higher-order aberration increases to 0.09 μm of RMS value, the attenuation of MTF is similar to that with only chromatic aberration. However, in the statistics of human eyes in this paper, there is only one eye with a RMS H value over 0.09 μm, and most eyes are with RMS H values below 0.04 μm. It can be seen from Figure 4 that the attenuation of MTF by normal level of higher-order aberration with RMS value of 0.04 μm is much less than that by only chromatic aberration.
With the first eye model, the impacts of LCA and higher-order aberrations on vision are separately investigated and the results are shown in Figure 5 . The radial averaged MTFs with only higher-order aberrations of three typical levels are denoted by solid lines and the polychromatic radial averaged MTF with LCA-only is denoted by the dashed-dotted line. The dashed line represents the MTF with diffraction limit. It can be seen from Figure 5 that, in comparison with MTF of only higher-order aberrations, the attenuation imposed by LCA is much stronger than that by normal level higher-order aberrations (RMS H =0.04 μm) and is approximately equal to that by high level higher-order aberrations (RMS H =0.09 μm). Comparing the dashed-dotted lines in Figures 4 and 5 , it can be seen that the MTF with LCA-only (dark yellow line) is quite similar to that with only LCA+TCA (green line), indicating that the influence of TCA can be ignored in the presence of LCA.
The impacts of TCA and higher-order aberrations on vision are evaluated with the third eye model and the results are shown in Figure 6 , where the dashed-dotted line represent the polychromatic radial averaged MTF with TCA-only, the solid lines represent the radial averaged MTFs with only higherorder aberrations of three typical levels and the dashed line represents the MTF with diffraction limit. In comparison with MTF of only higher-order aberrations, it can be seen that the impact of TCA is approximately equal to the impact of normal level of higher-order aberrations. Comparing the radial averaged MTF with LCA-only denoted by the dashed-dotted line in Figure 5 , the impact of TCA is much smaller, especially in the medium and low spatial frequencies, where the important spatial frequencies of vision locate.
Conclusion
With the help of optical design software Zemax, we demonstrate that the achromatic element should be placed just in front of the pupil of eye model to eliminate LCA while maintain TCA. Three individual eye models that higher-order aberrations can be introduced along the visual axis are established. The first model is with visual axis accordant to optical axis, the second involves the angle formed by visual and optical axis and the third includes an achromatic element to correct LCA only which exists in the second model. Furthermore, higher-order aberrations of human eyes are fed into the eye models along visual axis. The impacts of higher-order aberrations, chromatic aberration (LCA+TCA), LCA and TCA on vision under the photopic condition are then investigated using MTFs based on the three models, respectively. Conclusions are as follows:
When the achromatic element is placed in front of the cornea, the LCA is eliminated but the TCA increases. When the achromatic element is placed behind the crystalline lens, the LCA is eliminated but the TCA decreases. To eliminate LCA while maintain TCA, the achromatic element has to be placed in front of the pupil. For most human eyes, the impact of chromatic aberration (LCA+TCA) on vision under the photopic condition is much stronger than that of higher-order aberrations. The impact of LCA on vision is almost equal to that of LCA+TCA. In the presence of LCA, the impact of TCA on vision can be ignored. The impact of TCA is approximately equal to that of normal level higher-order aberrations and is much weaker than that of LCA on vision. It should be emphasized that chromatic aberrations, especially LCA, have positive effects on the enhancement of depth of focus of human eyes [2, 23] . This statement is out of the scope of this paper and will be reported in another paper.
